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Near-surface phytoplankton distribution in the western 
Intra-Americas Sea: The Influence of El Nio 
and weather events 
Nelson Melo Gonzfilez, 1 Frank E. Mfiller-Karger, 2 Sergio Cerdeira Estrada, 
Roberto P•rez de los Reyes, • Ivfin Victoria del Rio, • 
Pedro Cfirdenas P•rez, 3 and Ida Mitrani ArenaP 
Abstract. The space-time variation of phytoplankton pigments in the western Intra- 
Americas Sea (IAS), in the vicinity of the island of Cuba, is examined using digital images 
obtained with the Coastal Zone Color Scanner sensor flown aboard the Nimbus 7 satellite 
from 1978 to 1986. The results are compared to historical in situ hydrographic 
observations. A marked seasonality in pigment concentration was observed in waters 
around Cuba, with an average of 0.07 mg m -3 in summer (April-September) and 0.13 mg 
m -3 during winter (October-March). The range of variation in pigment concentration was 
larger in the Gulf of Mexico relative to the western Caribbean Sea. We identified four 
biogeographical areas on the basis of groups of pixels with similar patterns of time 
variability. These are area I: southwest of Cuba, Yucatan Channel, and Florida Strait; area 
II: central Gulf of Mexico; area III: east of Cuba; and area IV: central Caribbean Sea, 
south of Jamaica and Hispaniola. Two major meteorological events led to anomalies in 
the seasonal cycle of pigment concentrations. During E1 Nifio-Southern Oscillation 
(ENSO) of 1982-1983, positive anomalies were observed in the pigment concentration in 
the western IAS during winter months. This was associated with intense mixing of the 
water column by higher-frequency and stronger winds associated with cold fronts. ENSO 
1982-1983 therefore had a fertilizing effect on the IAS region. Another positive anomaly 
was observed in 1980-1981, a non-ENSO period that featured higher hurricane and 
extratropical low-pressure activity. 
1. Introduction 
There are surprisingly few studies that address patterns in 
the abundance of phytoplankton in the Intra-Americas Sea 
(IAS), which includes the Caribbean and the Gulf of Mexico. 
Perhaps this is because this semienclosed tropical basin is tra- 
ditionally considered to be oligotrophic [Margalef, 1969; Cone- 
dor, 1977]. On the basis of studies of Coastal Zone Color 
Scanner (CZCS) satellite data, however, we know that the Gulf 
of Mexico undergoes pronounced seasonal variation in phyto- 
plankton standing stocks. This seasonality is driven in summer 
by high stability of the water column (low pigment concentra- 
tions) and by convective cooling and stronger winds during 
winter (high concentrations) [Maller-Karger et al., 1991; Melo et 
al., 1995]. The southeastern Caribbean also experiences sea- 
sonal variability in pigment abundance, with wind-driven up- 
welling leading to high concentrations along its southern mar- 
gin during boreal winter and spring. The widespread plume 
formed by the discharge of the Orinoco River leads to higher 
phytoplankton biomass and dissolved organic concentrations 
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throughout the central-eastern Caribbean during boreal fall 
[Miiller-Karger et al., 1989; M•iller-Karger and Aparicio Castro, 
1994]. There is little information available on the western Ca- 
ribbean, however. Jromov [1967], on the basis of very few 
historical observations, concluded that plankton levels there 
are very low and seasonally invariant. 
One of the most important events that influence global cli- 
mate is the E1 Nifio-Southern Oscillation (ENSO). Around 
Cuba, anomalies in atmospheric pressure, rainfall, and air tem- 
peratures have been linked to ENSO [C•rdenas and Naranjo 
Diaz, 2000a]. Some of the most obvious changes experienced in 
the IAS during ENSO are decreases in cyclone activity in 
summer and increases in extratropical storm systems in winter. 
CZCS data cover the 1982-1983 ENSO. Here we present ev- 
idence that maxima in the concentration of pigments in 1982- 
1983 in the western IAS coincided with this ENSO event, 
which was classified as one of the strongest of the century 
[Hanson and Maul, 1991]. 
2. Materials and Methods 
2.1. CZCS Image Processing 
The CZCS provides a measure of the solar irradiance re- 
flected by the surface layer of the sea in several visible bands. 
These measurements of the color of the sea are empirically 
related to the near-surface concentration of phytoplankton 
pigments [see Morel and Prieur, 1977; Gordon et al., 1983a, b, 
1988; Gordon and Wang, 1994; McClain et al., 1995; O'Reilly et 
al., 1998]. We estimated pigment concentration for the IAS 
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Figure 1. Geographical location of the stations used for time series extractions from the Coastal Zone Color 
Scanner (CZCS) data and regions identified as behaving as distinct zones in their pigment variability. Zone 
I is subdivided into areas I-a, I-b, and I-c. The double line outlines a window here sea surface t mperatures 
were processed. 
region using the Gordon et al. [1983a, b] algorithms on all the 
available CZCS data (November 1978 through July 1986) using 
programs written for the "dsp" environment developed at the 
University of Miami. The images were all mapped to a cylin- 
drical equidistant projection with limits of 18ø-26øN and 73 ø- 
88øW (Figure 1). We then generated 869 daily composite im- 
ages covering portions of the IAS at 16 km 2 pixel resolution (4
km x 4 km). This effort was carried out at the Department of 
Marine Science, University of South Florida. 
The images contain estimates of the concentration of pig- 
ments in the first optical depth at each pixel, which in areas of 
low concentrations (0.04-0.5 mg m-3), represent the average 
concentration todepths of between 1 and ---15 m depending on 
water clarity. Areas with no data, land, or clouds or areas with 
high reflectance due to the influence of the bottom or sunglint 
were eliminated by masking. In relatively clear oceanic waters 
the accuracy of the CZCS product is expected to be of order 
30-40% of the concentration ofpigments [Gordon et al., 1982, 
1983b]. In coastal areas these concentrations are less reliable 
and should only be considered qualitatively [Barale t al., 1986]. 
Given the extensive cloud cover that affected the region 
during the period of the operation of the CZCS, coherent 
patterns in concentration of pigment were difficult to observe 
in single or even weekly CZCS composites. Therefore images 
were averaged to derive 92 separate monthly means over the 
period of observation. We also derived mean trimester images 
(January-March, April-June, July-September, and October- 
December), incorporating each of the respective trimesters 
between 1978 and 1986 (Plate 1). Average "winter" (October- 
March) and "summer" (April-September) images and an over- 
all mean of all images were also calculated (Plate 2). 
To help with visualization of the gradients in pigment con- 
centration, we defined a palette with 256 colors, which shows 
maximum contrast for the range 0.04-2.25 mg m -3. Low con- 
centrations are represented in the images as purple or blue, 
and areas with higher concentrations appear as green, yellow, 
orange, or red. Higher values in the IAS region are associated 
primarily with coastal or shallow shelf regions and are repre- 
sented here in gray scale. The CZCS algorithm may overesti- 
mate the concentration of pigments on the continental shelves 
of Cuba, the Bahamas, and shallow regions near Florida. Field 
observations suggest that these waters are case II type [cf. 
Morel and Prieur, 1977]. Missing data or land areas are colored 
black and dark gray. 
To evaluate time variability in pigment concentration, we 
sampled 18 stations in each of the 92 monthly average images 
(Figure 1 and Table 1). At each station we extracted a 3 pixel x 
3 pixel matrix of valid data (---12 km x 12 km). The time series 
provided pigment concentration mean, standard eviation, and 
range range (maximum and minimum) in the region (Table 1). 
We computed a multiple correlation matrix to study the degree 
of similarity between the 18 stations. We used a frequency filter 
(12 month lag moving average seasonal decomposition filter) 
on each of the 18 series to remove the seasonal signal in an 
effort to examine interannual-scale variations. 
Some of our sampling stations howed gappy time series. 
The gaps were more frequent in summer, probably because of 
cloud cover and increased chances of sunglint. An analysis of 
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Table 1. Statistical Parameters Derived for Each of the 18 CZCS Pigment Concentration Time Series Stations 
Station Number 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Number of samples, n 
Pigment mean, 
mg m -3 
Standard Deviation, 
-3 
mg m 
Minimum, mg m -3 
Maximum, mg m -3 
Range, mg m-3 
79 85 65 75 67 72 78 78 62 78 56 67 44 39 69 66 78 16 
0.100 0.098 0.066 0.081 0.076 0.072 0.076 0.105 0.120 0.120 0.090 0.085 0.087 0.100 0.076 0.121 0.148 0.091 
0.046 0.052 0.028 0.034 0.035 0.030 0.034 0.055 0.064 0.056 0.040 0.039 0.039 0.061 0.036 0.060 0.069 0.042 
0.041 0.041 0.041 0.041 0.041 0.041 0.041 0.041 0.045 0.041 0.041 0.041 0.041 0.041 0.041 0.049 0.053 0.046 
0.328 0.280 0.150 0.169 0.209 0.199 0.183 0.292 0.352 0.315 0.237 0.224 0.186 0.290 0.192 0.307 0.355 0.198 
0.287 0.239 0.109 0.128 0.168 0.158 0.142 0.251 0.307 0.274 0.196 0.183 0.145 0.249 0.151 0.258 0.302 0.152 
cloud cover in the monthly images shows that the clouds' 
spatial distribution is random over much of the region. How- 
ever, the Loop Current in the Gulf of Mexico tends to have 
more clouds than surrounding waters. We expect, nevertheless, 
that cloud distribution and lack of scheduled satellite CZCS 
image coverage had a minor effect on our conclusions on 
spatial or temporal patterns. 
2.2. In Situ Observations 
In situ measurements were collected within 200 nautical 
miles of the coast of Cuba at 80 stations during four cruises of 
the R/V Ulises. Two cruises were carried out during winter 
(October-November 1988 and February-March 1989), and 
two were carried out during summer (May-June and July 
1989). Samples for phytoplankton taxonomy and biomass anal- 
yses were collected at the surface. Taxonomic analyses were 
based on 5-12 L samples filtered through nucleopore filters. 
Only cells > 10/•m were identified, using the method proposed 
by Sorokin [1979]. Pigment concentration (chlorophyll a) was 
estimated spectrophotometrically, according to Jeffrey and 
Humphrey [1975] and as modified by Koblentz-Mishke and Ved- 
ernikov [1977a, b] [P&ez et al., 1990]. 
Nutrients and physical characteristics of the water between 0 
and 200 m were also obtained [Ferndndez et al., 1990; Victoria 
et al., 1990]. The average insolation was calculated from the 
New National Atlas of Cuba [Academy Sciences of Cuba (A CC), 
1989]. Sea surface temperature (SST) and its anomalies be- 
tween 1978 and 1986 were examined using data from Reynolds 
[1988], Reynolds and Marsico [1993] and the Comprehensive 
Ocean-Atmosphere Data Set (available at http://www.cdc. 
noaa.gov/coads/). The data from Reynolds [1988] and Reynolds 
and Marsico [1993] include in situ data, satellite data, and a 
blended analysis for the subregion outlined within our study 
area in Figure 1. The in situ data include ship and buoy data 
summarized in 2 ø latitude by 2 ø longitude cells. The blended 
analysis was carried out using a statistical technique suggested 
by Oort and Rasmusson [1971]. Meteorological parameters and 
information on hurricanes, cold fronts, and extratropical ow- 
pressure systems were taken from synoptic weather charts and 
historical logs of the Institute of Meteorology of Cuba 
(INSMET) and from National Oceanic and Atmospheric Ad- 
ministration buoy 42003 (25.94øN, 85.91øW) located in the 
eastern Gulf of Mexico. The occurrence of ENSO events was 
defined on the basis of index postings by the NOAA Climate 
Prediction Center and by INSMET [Cdrdenas and Naranjo 
Dœaz, 2000b]. 
3. Results and Discussion 
3.1. Pigment Variability 
Our analyses of the CZCS-derived time series of stations 
identify at least four separate regions on the basis of their 
variability in phytoplankton pigment concentration. We 
grouped stations (Figure 1) when the cross-correlation factor r 
exceeded 0.65. Specifically, the areas identified were area I: 
western Caribbean (southwest of Cuba), southeastern Gulf of 
Mexico, Yucatan Channel, and Florida Strait (stations 1, 2, 4, 
7, 8, and 16); area II: central Gulf of Mexico (stations 8, 9, and 
10); area III: northwestern Atlantic coasts, Windward Passage, 
and Mona Passage (stations 3, 5, and 6); and area IV: central 
Caribbean (stations 13, 14, and 18). Below we describe the major 
patterns of variability observed within each of these regions. 
3.1.1. Area I. Waters flowing from the western Caribbean 
influence this region. Waters are warm and stratified, and 
strong currents such as the Yucatan, Loop, and Florida Cur- 
rents dominate their characteristics. The annual mean pigment 
concentration is 0.09 mg m -3. Moderate seasonality is ob- 
served in the pigment concentration, with maxima between 
October and March (average of 0.16 mg m -3) and minima 
between April and September (average of 0.06 mg m-3). The 
seasonal average CZCS images (Plates la-ld) clearly show 
that pigment concentrations in this region are lower than those 
in the interior of the gulf on a year-round basis. Annual mean 
pigment concentrations in the Loop Current and the Gulf 
Stream are slightly higher than those in the western Caribbean 
Sea. At stations 1 and 2, which represent the Yucatan Channel 
and Florida Strait, respectively, seasonal changes in the inten- 
sity of the flow are known to be in phase [Maul and Vukovich, 
1993]. Somewhat larger velocities are observed during warm 
months of the year [Gordon, 1967]. Transport is >25 Sv, and 
upwelling is frequently observed along the cyclonic edge of the 
flow within the channels [P&ez et al., 1996, 1999]. Phytoplank- 
ton blooms are observed along the western edge of the Yuca- 
tan Channel year-round. The blooms extend along the edge of 
the Loop Current, from Campeche Bank and into the interior 
of the Gulf of Mexico, and around the edge of the Loop 
Current. Alternatively, discolorations may trace entrainment 
of Mississippi River Water around the eastern half of a fully 
extended Loop Current [M•ller-Karger et al., 1991]. Figure 2 
shows the time series of pigment concentration at stations 
classified as belonging to area I. The increase in chlorophyll 
concentration in winter takes place as thermal stability weak- 
ens, which leads to enhanced vertical nutrient supply from 
14,032 MELO GONZfi•LEZ ET AL.: INTRA-AMERICAS SEA PHYTOPLANKTON AND EL NI•10 
, 
0,05 •" '0.05 • . . 
020 ß 020[, 
' DO -s.oo ... •: -3.00•. czcs 1978-•986 CZCS 1978-1986 .. 
1o.o '• lo.o" 
• • Average Jan-Mar , ' •, -•, Average AprMun 
•g • Pigment (Mgtm3) • • •;• Pigment (Mg/m3) 
020 ... • 
-3.00 .... -' • -' • • ....... 3.00 ' " ß . CZCS 1978-1986 .7-.• ,' • ß .• CZC$1978-1986 
10.0 ": '•,•.• Average JuI-Sep " '" 1O,0 ;... .... Av,r.g, Oct-Dec 
•g •3 ' • Pigment(Mg/m3) • •3 '• ' .... . Pigment (Mg/m3) Plate I 
Plate 1. CZCS composites howing pigment concentrations during (a) January-March, (b) April-June, (c) 
July-September, and (d) October-December, 1978-1986. 
DO 
below [Miiller-Karger et al., 1991; PErez et al., 1990, 1999; Vic- 
toria et al., 1990; Ferndndez et al., 1990]. 
3.1.2. Area II. Area II includes waters of the central Gulf 
of Mexico and is heavily influenced by the Loop Current and 
its eddies. Pigment concentration in the three separate stations 
behaves very similarly indeed (Figure 3). Station 8 may be 
classified as belonging to area I or area II, depending on the 
position of the Loop Current and its rings. The annual mean 
pigment concentration f area II (0.12 mg m -3) is larger than 
that of Area I, but it is also more variable. Figure 3, neverthe- 
less, shows a remarkable seasonality in the concentration of 
pigments, with maxima in winter (average of 0.20 mg m -3) and 
minima in summer (average of 0.08 mg m-3). The winter 
increase in pigment concentration is due to fertilization of 
surface layers by thermal convection and strong winds 
[Miiller-Karger et al., 1991; Victoria et al., 1990]. Frequent and 
intense cold fronts that carry storms with strong winds and high 
precipitation [ACC, 1989] are observed here during winter 
because of the proximity to the continent. The contribution of 
the Mississippi River is also important in raising pigment con- 
centration because of streamers entrained along the edge of 
the Loop Current [Miiller-Karger et al., 1991; Thomas and Sim- 
mons, 1960]. 
3.1.3. Area III. Waters east of Cuba (area III) have a 
much smaller mean and seasonal range in pigment concentra- 
tion than the other areas. The annual mean here is 0.07 mg 
m -3, with summer values of 0.06 mg m -3 and winter values of 
0.09 mg m -"(Figure 4). This region is less influenced by 
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during 1978-1986. 
IDO 
seasonal continental meteorological variations, and cold winter 
fronts are more rare. Windward Passage is an important entry 
point of Atlantic Ocean waters to the Caribbean. The water 
that enters near the surface, which originates in the Sargasso 
Sea, is low in nutrients and plankton concentration. 
Flow through the Caribbean and through island passes in- 
creases between February and July [Gordon, 1967]. Waters 
with extremely low pigment concentration enter through 
Windward Passage in March-May, as can be seen in a jet of 
extremely clear water traced in CZCS images. Stations 3, 5, 
and 6 are directly influenced by this flow, and their variability 
in pigment concentration is dominated by the exchange r gime 
between the Caribbean and the adjacent Sargasso Sea. 
3.1.4. Area IV. Area IV includes waters south of Jamaica 
and Hispaniola in the central Caribbean Sea. The annual av- 
erage pigment concentration is 0.09 mg m -3, with a range of 
0.07-0.12 mg m -3 (Figure 5). This is the region for which we 
had the fewest images because of cloud cover and lack of 
scheduled CZCS image coverage (the instrument was rarely 
turned on over this area), and therefore it was harder to es- 
tablish seasonal ranges in concentrations. 
The CZCS time series (Figures 2-5) show that gaps were 
more likely to occur in summer. Plates la-ld combine several 
years of CZCS images. The images how lowest pigment den- 
sity in April-June in area IV, i.e. prior to the arrival of colored 
water from the Orinoco and Amazon River plumes [cf Miiller- 
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Figure 2. Seasonal variation of the concentration of pigments in area I. 
Karger et aL, 1989] and after the winter convective overturn of 
the upper water column. Area IV, in general, experiences low 
transport as it is located in the northern half of the Caribbean 
Current, which is characterized by speeds of •--40 cm s-• at its 
northernmost extent [Wiist, 1964]. This is much less than 
speeds in areas I and II. Also, downwelling due to the curl of 
the wind stress characterizes the northern half of the Carib- 
bean [Miiller-Karger and Aparicio Castro, 1994]. Surface waters 
therefore experience little to no replenishment of nutrients 
from below. 
3.2. Pigment Time Variability 
During the first quarter of the year (January-March; Table 
2, Plate 1 a), maxima in pigment concentration are seen every- 
where in the northwestern Caribbean Sea and Gulf of Mexico 
as a result of nutrient fertilization by wind mixing, thermal 
convection, and upwelling such as along the Bank of 
Campeche [Merino, 1992; P•rez et al., 1999]. The presence of 
the Florida Current and the Loop Current are seen clearly as 
their waters are traced by the lower concentrations of pigments 
coming from the western Caribbean. In and around Windward 
Passage, off eastern Cuba, waters with a low concentration of 
pigments (0.07 mg m -3) relative to the rest of our area of study 
may be seen flowing westward from the Sargasso Sea. In the 
Old Bahamas Channel and in the channels of San Nicolfis and 
Santar6n (north of the Sabana-Camagfiey Archipelago, off 
north central Cuba), higher concentrations of pigments are 
observed (0.12-0.28 mg m-Z). This may be due to an exchange 
between the open ocean and shallow areas that are rich in 
nutrients on the platform of Cuba and Bahamas [Fernandez 
and Chirinos, 1993], but it also could be due to upwelling, as 
suggested by cooler SST patches observed frequently in infra- 
red advanced very high resolution radiometer satellite images. 
The second quarter (April-June; Table 2, Plate lb) brings a 
decrease in pigment levels over the whole area, except off the 
northern Yucatan Peninsula. There, values of 0.12-0.30 mg m -3 
are observed because of the Campeche bank upwelling [P•rez et 
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Figure 3. Seasonal variation of the concentration of piBments in area II. 
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aL, 1999]. In the western Caribbean the mean pigments reach 
their lowest annual values at 0.065 mg m -3. Maxima (values 
>0.12 mg m -3) are seen only near coasts. In the Gulf of Mexico, 
values from 0.08 to 0.15 mg m -3 are seen, with maxima (>0.20 
mg m -3) in the Mississippi River plume and on the West Florida 
shelf. Clearly, some of these features like the river plume repre- 
sent case II waters [Morel and Prieur, 1977], and the CZCS may 
have overestimated actual pigment concentrations. 
In the third quarter (July-September; Table 2, Plate lc), 
pigments are low in the entire extreme northwestern Carib- 
bean and in the Loop Current, but values in the Gulf of Mexico 
outside of the Loop Current are relatively high. High concen- 
tration patches are widely spread over the central Caribbean 
(0.12-0.16 mg m -3) as the Orinoco River plume begins to 
disperse westward [M•ller-Karger et al., 1989]. This plume car- 
ries high concentrations of dissolved organic material as well as 
phytoplankton [Hochman et al., 1994]. 
In the fourth quarter (October-December; Table 2, Plate 
l d), concentrations of pigments over the entire region, includ- 
ing the western Caribbean, increase (0.08-0.15 mg m-3). The 
northern front of the Loop Current loses definition because 
concentration gradients become more diffuse. Southeast of 
Cuba, waters with lower concentrations of pigments (0.07-0.10 
mg m -3) are observed coming from the Sargasso Sea via Wind- 
ward Passage. Maxima are observed in the Gulf of Honduras 
and to the northeast of the Yucatan Peninsula. 
The average of all the CZCS data (Plate 2c) shows a mini- 
mum (0.06-0.08 mg m -3) in the pigment concentration fields 
in the western Caribbean near 18ø-20øN, 74ø-80øW. This large 
area with very low values is encompassed by the Windward 
Passage and the Sargasso Sea. Immediately south of Cuba, 
pigments show a slight increase from east to west of 0.07 to 
0.12 mg m -3. Clear Sargasso Sea waters dominate east of 
Cuba, with a mean concentration of pigments of --•0.07 mg 
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Figure 5. Seasonal variation of the concentration of pigments in area IV. 
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Table 2. Average Range of Variation in the Concentration of Pigments in CZCS Data 
Jan.-March April-June July-Sept. Oct.-Dec. Winter Summer Annual 
Western Caribbean 0.07-0.15 0.05-0.08 0.06-0.10 0.07-0.13 0.08-0.15 0.06-0.09 0.07-0.15 
Gulf of Mexico 0.10-0.50 0.07-0.30 0.06-0.20 0.09-0.35 0.11-0.50 0.07-0.30 0.09-0.50 
Sargasso Sea 0.06-0.09 0.04-0.06 0.04-0.06 0.06-0.08 0.07-0.09 0.04-0.07 0.04-0.09 
m -3. The low pigment concentration serves also as a tracer of 
the Loop Current in the Gulf of Mexico. 
The Campeche Bank, off the Yucatan Peninsula, shows high 
pigment concentrations year-round. This upwelling zone fre- 
quently spans over 300 km along the Yucatan Peninsula and 
reaches 100 km offshore. 
3.3. In Situ Observations 
On the basis of in situ observations carried out aboard the 
R/V Ulises between 1988 and 1989 the summer upper mixed 
layer south of Cuba is on average 40 m deep (Table 3) [•ctoria 
et al., 1990]. The spatial averages and seasonal chlorophyll 
concentration ranges obtained in situ (Figure 6) are similar to 
the values derived from the CZCS satellite sensor (Table 4) 
[P•rez et al., 1990] in spite of the dissimilar methods and sam- 
pling time (different years). The comparison confirmed the 
temporal tends in chlorophyll concentration in the region. In 
winter, intense convective mixing takes place in the region as 
insolation and air temperatures decrease and wind intensity 
increases. This leads to a mixed layer of --•110 m (Table 4) 
[•ctoria et al,. 1990], which favors nutrient entrainment into 
the euphotic zone [Fernandez et al., 1990]. While incident solar 
radiation decreases, light intensity is still sufficiently high to 
stimulate phytoplankton even in December and January. 
Given nutrient availability, phytoplankton concentration and 
diversity are high during winter months in the region (Table 4) 
[P•rez et al., 1990; •nogradov and Shushkina, 1987]. In sum- 
mer, higher insolation and a decrease in wind forcing cause 
strong thermal stratification and a decrease in vertical mixing, 
nutrient entry into the euphotic zone, and phytoplankton con- 
centrations throughout most of the region [Miiller-Karger et al., 
1991]. 
3.4. Time Variability and Meteorological Factors 
Figure 7 shows the seasonal signal present in the time series 
of pigment concentrations for areas I, II, and III. This "aver- 
aged" seasonal signal was removed from the entire CZCS- 
derived time record using a 12 month moving average filter to 
obtain the anomalies shown in Figure 8. Pigment concentra- 
tions increase from area III (Windward Passage) to area I 
(Loop Current) and are highest in area II (Gulf of Mexico 
outside of the Loop Current). Figure 8 also shows strong in- 
terannual variability in pigment concentrations and that this 
variability is coherent within the western IAS. Two significant 
maxima were observed in all areas: one in July 1980 to June 
1981 and one in April 1982 to October 1983. We were inter- 
ested in establishing the relationship between these changes 
and environmental factors. In our analysis we assume that the 
anomalies observed after removing the seasonal means are not 
affected by changes in the calibration of the CZCS [Evans and 
Gordon, 1994]. Our assumption is supported by the CZCS- 
sediment flux studies of Deuser et al. [1990]. 
There are two meteorological phenomena that generally 
lead to strong winds within the study region. One is hurricanes, 
which occur in the Atlantic Ocean and in the IAS during 
summer. The hurricane season is June 1 to November 15, 
although cyclones can occur outside this period [Ortiz, 1975]. 
September and October are the most active months for cy- 
clones affecting the marine environment around Cuba. The 
other important phenomenon is cold fronts that affect the 
northwestern IAS in winter. These fronts are characterized by 
an advance of cold and dry air from the North American 
continent. Winds associated with these fronts are very forceful 
and can occasionally reach hurricane strength, mixing waters 
along the northern coasts of Cuba vigorously. These frontal 
systems occur from October through April, although some 
have occurred in September and May. The highest frequency 
of front-related storms is in December-February, with a max- 
imum in January. The average number of cold fronts affecting 
Cuba is of the order of 20 each year [Rodriguez et al., 1984]. 
Typically, 84% of the fronts are of moderate intensity, and 
their frequency decreases from west to east. 
To examine the impact of these meteorological phenomena 
on the concentration of pigments in the western IAS, we use 
the biogeographical zoning (Figure 1) defined earlier on the 
basis of the time series of pigment concentrations. Area I was 
subdivided into subregions I-a, I-b, and I-c, representing areas 
of influence of the intense meteorological factors. 
3.5. Hurricanes 
We reviewed the occurrence of cyclones between 1978 and 
1986 using synoptic charts of trajectories from INSMET. Dur- 
ing the life of the CZCS, we found the following: A total of 16 
disturbances occurred in 1978; 5 were limited to tropical de- 
pression and 11 spun up to hurricanes. However, none of these 
were registered in our study areas. The next year, 1979, was an 
average season (6 depressions and 8 hurricanes), but signifi- 
cant impact was felt in the IAS. Most storms developed be- 
Table 3. Mean Characteristics of Oceanic Waters South of Cuba Based on in Situ 
Observations Carried out Aboard the R/V Ulises Between 1988 and 1989 
Nitrogen 
Global Solar Mixed Layer Concentration Phosphate 
Radiation, Thickness, Temperature, NO 2 + NO3, Concentration PO4, 
mjm -2 d -• m øC /zmL -• (0-200 m) /zmL -• (0-200 m) 
Winter 
Summer 
14.2 100-125 26.0 1.06 0.14 
19.3 30-50 29.7 0.95 0.05 
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Figure 6. In Situ phytoplankton pigment concentration (mg 
m -3) south of Cuba (a) in summer (Ulises cruises 4 and 5 in 
1989) and (b) in winter (Ulises cruises 2 and 3 1988 and 1989). 
The pluses are oceanographic stations. 
tween mid-August and mid-September. Two hurricanes af- 
fected area I-a, two affected area I-b, one affected area I-c, five 
affected area II, three affected area III, and none affected area 
IV. However, 1980 was a very active season in the Atlantic (4 
depressions and 12 hurricanes). In the study area the following 
events were registered: two in area I-a, two in area I-b, none in 
area I-c, three in area II, none in area III, and one in area IV. 
We experienced Hurricane Allen, one of the most intense of 
the twentieth century, with maximum winds >91 m s -•. Allen 
lasted from August 2 through 11 and crossed areas IV, I-a, I-b, 
and II. It attained maximum intensity in the Gulf of Mexico. 
The cooling effect of a hurricane on SST may last up to 20 
days, and if the hurricane is especially intense, the signal may 
remain up to 50 days [Tunegolobes, 1976]. Given that 1980 also 
experienced a very active cold front winter season, the waters 
within our region were mixed vigorously and repeatedly. We 
believe this to be the reason for the sustained blooming of 
phytoplankton detected as the maximum observed in Figure 8 
starting July 1980 and ending approximately in June 1981. 
Again, 1981 was a very active season in the Atlantic, with 6 
depressions and 11 hurricanes. However, the impact on the 
study area was weak, with only three hurricanes in area I-a, one 
in area I-b, and none in the Areas I-c, II, III, and IV. The 
season began early, in May, with storms that affected area I-a. 
The 1982 cyclone season was weak, with 4 depressions and 5 
hurricanes. In the study area a single depression was registered 
in June in area I-b of the Gulf of Mexico. An even weaker 
season was experienced in 1983 (3 depressions and 3 hurri- 
canes). In the study area a single case was registered in August 
that affected areas I-c, I-b, and II. A lot of activity occurred in 
the Atlantic in i984, with 4 depressions and 12 hurricanes, but 
almost no activity occurred in the study area. A depression 
affected area I-c. Then 1985 was a very active season (2 de- 
pressions and 11 hurricanes), with several hurricanes in the 
Gulf of Mexico. In the study areas none affected area I-a, four 
affected I-b, none affected area I-c, two were observed in area 
II, two were in area III, and none were in area IV. Finally, 1986 
showed weak activity (3 depressions and 6 hurricanes). Only 
one hurricane affected area II. 
3.6. Meteorological Frontal Systems 
The frontal systems in 1978-1986 were examined using syn- 
optic weather maps on file at INSMET. From 67 winter sea- 
sons analyzed the annual average number of cold fronts that 
affected Cuba was 19.9. In winters 1980-1981 and 1982-1983 
the incidence of cold fronts increased above the norm, with 48 
and 43 cases, respectively. The cold fronts we identified for 
1979-1986 winters within the biogeographic areas are shown in 
Table 5. 
Although 1980-1981 had more cold front systems than 
1982-1983, the latter season showed better defined fronts over 
the Gulf of Mexico (areas II and I-b), the straits north of Cuba, 
and a the northwestern Caribbean (areas I-a and I-c). Fronts 
also reached waters southeast of Cuba (area III) in 1982-1983 
with almost twice the frequency of that of the previous years. 
Also, between October 1982 and March 1983, 19 extratropical 
low-pressure systems formed in the Gulf of Mexico. These 
winter storms traveled farther to the south than normal, caus- 
ing high winds in our study areas. 
The frequency distribution of cold fronts in 1980-1981 
showed a maximum in December-February, but in 1982-1983, 
peak winter storm activity stretched through March (Figure 9). 
Even though the number of cold fronts decreased thereafter, in 
both cases the season of fronts extended until May. Therefore 
in 1980-1981 and 1982-1983 the oceanic environment around 
Cuba experienced prolonged periods of strong winds. These 
generated intense surf and vertical turbulent mixing. 
During ENSO events, tropical hurricane formation in the 
Atlantic is inhibited [Gray and Sheaffer, 1991], but the fre- 
quency of extratropical low-pressure systems increases in the 
Gulf of Mexico during winter [C•irdenas and Naranjo Diaz, 
2000a]. We hypothesize that the increased frequency of storms 
associated with such cold fronts led to the high concentration 
of pigments observed for these two winter seasons (1980-1981 
and 1982-1983). The effect is very pronounced in the region 
dunging the ENSO event of 1982-1983. 
3.7. Variation of the Sea Surface Temperature 
On the basis of World Meteorological Organization (WMO) 
reports [WMO, 1996] the period 1978-1986 was characterized 
by positive global SST anomalies [Bottomley et al., 1990]. For 
our study area around Cuba (Figure 1), during the CZCS 
period (1978-1986), marked positive anomalies in SST were 
observed in 1980-1983 (-0.10ø-0.27øC; Figure 10). The peri- 
ods 1977-1978, 1982-1983, and 1986-1987 are classified as 
Table 4. Phytoplankton Data in Surface Waters South of 
Cuba Based on in Situ Observations Carried out Aboard the 
R/V Ulises Between 1988 and 1989 
Average Average Chlorophyll 
Number Number Concentration, 
of Stations of Species mg m -3 
Winter 
Summer 
150 73 0.117 
153 62 0.074 
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Figure 7. Seasonal anomalies in pigment concentration in areas I, II, and III relative to the annual mean 
value (1978-1986). 
ENSO years. The event of 1982-1983 was, until recently, con- 
sidered the strongest of the century [cf. Hanson and Maul, 
1991]. Mean SST around Cuba was 27.53øC between 1979 and 
1986, with a maximum of 29.00øC in August-September and a 
minimum of 25.84øC in February. 
Within this extended period of positive SST anomalies the 
periods of the lowest annual SST anomalies coincide with the 
periods of high anomalies in pigment concentration in the 
Caribbean Sea and the Gulf of Mexico. Negative SST anom- 
alies occurred from the second semester of 1984 through Oc- 
tober of 1986. 
Weather was severe in Cuba during the 1982-1983 ENSO 
episode, with reports of flooding by storm surges along the 
Havana coast [Rodriguez et al., 1986], the scarcity of some 
marine fish species in Cuban waters, and the presence of some 
coelenterates pecies (jellyfish) from other regions of the Ca- 
ribbean around Cuba (B. Hernhndez, personal communica- 
tion, 1996). 
We applied a cross-correlation analysis between SST anom- 
alies in the Pacific Ocean (El Nifio 3 region, see below) and 
SST anomalies around Cuba in the double line box shown in 
Figure 1. A high correlation was obtained (0.71) with a 4 
month lag relative to the beginning of the ENSO in the Pacific. 
This agrees with the 4-5 month lag identified by Enfield and 
Mayer [1997] for the Caribbean basin. The correlation of these 
phenomena in the Caribbean and the Gulf of Mexico with 
016 
014 
012 
•--' 01 
,_• 
o o8 
o o8 
o 04 
43 Cold Fronts 
19 extratroptcal low 
p .... , u•e.,:s•s.t•ems GM --o-- AREAl 
i•"' I "",,*-- AREA II 
............................ • t'a•-rrb•r• .................... ? •:".• .. ..................... •- AREA III ..... 4h .... I •'/ 
Dam•lle ;• J' e ø'ø-c •be•o ...... •
..... :; ....... ............ .......... ]-:: 
½ :• r•:-•!, • •lenne / '• .•.::.• • I 
:y'. • • Alien ' .......... -B •/' .. 1--- • n'n.•,,.•  •lena 
.......................  . 
........... .............. 
........ ::••-- ' '-- 
,lllllll Ill, ,,llllllllllllllllllllllll, lllllllllll, ,llllllllllll]lllllllllllllll]llll],ll 
0 0 0 •-- 0 0 0 •-- 0 0 0 •-- 0 0 0 •- 0 0 0 •- 0 0 0 •-- 0 0 0 •-- 0 0 
Date 
Figure 8. Twelve month moving average of pigment concentration in areas I, II, III (1978-1986). The 12 
month moving average filter removes the seasonal pattern of Figure 7. For each area the curves are annotated 
with the occurrence of hurricanes, cold fronts, and extratropical low-pressure systems. 
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Table 5. Incidence of Cold Front Systems in the Studied 
Areas During Winters 1979-1986 
Area Area Area Area Area Area 
Cuba I-a I-b I-c II III IV 
• 0 200 
1979-1980 20 20 35 33 36 12 3 • 
o• 0 000 1980-1981 48 29 48 44 48 11 6 = 
1981-1982 16 15 36 36 36 7 2 • -0200 
1982-1983 43 30 43 42 43 21 3 • 
1983-1984 25 25 36 34 36 15 5 
1984-1985 20 16 20 20 20 13 6 
1985-1986 18 18 18 18 18 11 3 
Maxima were observed in 1980-1981 and in 1982-1983. 
phenomena in the Pacific is probably due primarily to the 
connection effected by variations in the Trade Winds and in 
the southern migration of the jet stream. The changes in the 
average speed of the wind affect the temperatures in the mixed 
layer [EnfieM and Mayer, 1997]. 
3.8. ENSO Event 
The tropical Pacific Ocean has been subdivided, according 
to the SST anomalies associated with ENSO events, as Nifio 
1-2 (for anomalies contained within 0ø-10øS, 80ø-90øW), Nifio 
3 (5øN-5øS, 90ø-150øW), Nifio 4 (5øN-5øS, 160ø-150øW), and 
Nifio 3-4 (5øN-5øS, 120ø-170øW). The Southern Oscillation is 
defined by the pressure difference between Darwin (12.4øS, 
139øW) in northern Australia and Tahiti (17.5øS, 149.6øW) in 
the South Pacific [Trenberth, 1984]. In general, an ENSO event 
implies the simultaneous occurrence of the two phenomena: E1 
Nifio, of oceanic character, and the Southern Oscillation, of 
atmospheric haracter [Chen, 1990]. 
Much has been written on the relationship between ENSO 
and precipitation anomalies in various regions of the globe. 
Clearly, climatic impact is not limited to the equatorial area of 
the Pacific [see, e.g., Yazunari, 1987; Rassmuson and Carpenter, 
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Figure 10. Sea surface temperature (SST) anomaly and SST 
anomaly moving average (seasonality removed) in the grid of 
Cuba (1979-1986). 
1982; Hastenrath and Wolter, 1992]. As for the Intra-Americas 
Sea, Hanson and Maul [1991] demonstrated that positive 
anomalies in precipitation over Florida and E1 Nifio are linked. 
According to Hanson and Maul [1991], 30% of the interannual 
variance in precipitation occurs at frequencies of 5-6 years, 
similar to the frequency of recurrence of ENSO. Ropelewski 
and Halpert [1987] point out that for the northwestern Carib- 
bean Sea and the Gulf of Mexico, positive anomalies in pre- 
cipitation extend from October of the ENSO year until March 
of the following year. In the peculiar case of the 1982-1983 
ENSO; Enfield [1989] and Canby [1984] reported unusually 
high precipitation south of the United States and in the north- 
ern Caribbean. 
The 1982-1983 episode is reported to have started as early 
as May 1982 [Cfirdenas and Naranjo Diaz, 2000b], but Silva 
[1988] suggest hat it started in November 1982. Wyrtki [1985] 
suggests that the appearance of positive anomalies in sea level 
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Figure 9. Number of cold fronts and hurricanes in area II (central Gulf of Mexico) and pigment concen- 
tration at station 10 (north Campeche Bank, Gulf of Mexico) from 1978 to 1986. 
14,040 MELO GONZfi&,EZ ET AL.: INTRA-AMERICAS SEA PHYTOPLANKTON AND EL NI•IO 
Table 6. Correlation Coefficients Between Monthly 
Pigment Anomalies (PZij) in Areas of the Caribbean and 
the Gulf of Mexico, the Empirical Index (INDI) of 
Occurrence of ENSO, and the SST Anomalies (ATSM) in 
Regions of the Pacific and the Atlantic 
PZ I PZ II PZ III PZ IV 
INDI 0.3939 a 0.5185 a 0.5886 • 0.4893 •'b 
ANIN12 0.3072 c 0.3328 c 0.4627 • 0.3515c 
ANIN3 0.4589 a'b 0.5250 a'b 0.6731 • 0.4706 a 
ANIN4 0.2814 • 0.3700 • 0.6110 • 0.3799 • 
ANIN34 0.3974 • 0.5066 a 0.6985 a'b 0.4672 a 
ANNATL 0.1393 0.2359 0.1140 0.0992 
ANSATL -0.2143 -0.2006 -0.2866 • -0.0781 
ANTROP 0.4144 • 0.4724 • 0.6307 • 0.4795 • 
aStatistical significance at a = 0.001. 
bHighest correlation. 
•Statistical significance at a = 0.01. 
around 5-10 cm in the western Pacific between January and 
March of 1982 mark the initiation. He also reports drastic 
anomalies in sea level (of up to + 17 cm) in the western Pacific 
in July 1982. This period coincides with the point at which 
pigments start rising in the western Caribbean Sea and the 
Gulf of Mexico (Figure 8). 
To examine the relationship between variations in the con- 
centration of pigments in our study area and ENSO, we used 
an empirical index (INDI) [C•rdenas and Naranjo Diaz, 2000b] 
to quantify the correlation between the monthly SST anoma- 
lies (derived from the National Center of Environmental Pre- 
dictions data) in the Nifio 1-2, Nifio 3, Nifio 4, and Nifio 3-4 
areas (ANIN12, ANIN3, ANIN4, and ANIN34, respectively), 
SST anomalies in the North Atlantic (5ø-20øN, 30ø-60øW) 
(ANNATL), in the South Atlantic (0ø-20øS, 10øE-30øW) 
(ANSATL), and in the tropical belt (10øS-10øN, 00-360 ø) 
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Figure 11. Phase lags in the correlation index between (a) the monthly anomaly of pigment concentration 
for areas in the Caribbean Sea and the Gulf of Mexico, the empirical index (INDI) of ENSO occurrence, and 
(b) the monthly anomaly of SST in E1 Nifio 3 region (ANIN3) in the Pacific Ocean. 
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Figure 12. Pigment concentration at station 10 (north Campeche Bank, Gulf of Mexico) and wind speed at 
National Oceanic and Atmospheric Administration buoy 42003 (25.94øN, 85.91øW) in the eastern Gulf of 
Mexico. 
(ANTROP) with the monthly anomalies of pigments (PZi]) 
for areas obtained from the CZCS images (Table 6). 
INDI = -M(AMTSM)M(SOI) M(SOI) < 0 
INDI = M(AMTSM)M(SOI) M(SOI) > 0, 
where AMTSM is the monthly SST anomaly of an area, SOI is 
the Southern Oscillation Index, and M is the moving average of 
the last 3 months of each index of occurrence of ENSO. 
PZu = (PIJ- Pclij)/Pclij, 
where PZ/] is the anomaly of pigments in area I for the month 
J; PIJ is the concentration of pigments in area I in month J; 
and Pcl/: is the climatological average of the concentration of 
pigments for area I for every month J between 1978 and 1986. 
A significant correlation is observed between pigment in our 
area of study and the SST anomalies in ANIN3 and ANIN34, 
in ANTROP, and with INDI. Areas I and II are better corre- 
lated with ANIN3, area III is better correlated with ANIN34, 
and area IV is better correlated with INDI (Table 6). These 
correlations suggest hat a relationship exists between ENSO 
and the concentration of pigments in the western Caribbean 
Sea and the Gulf of Mexico. 
Given the strong relationship between these phenomena and 
the desire to forecast effects in our region, we computed time 
lag correlation functions between the monthly PZ by areas in 
the Caribbean and the Gulf of Mexico, the INDI and SOI, and 
the AMTSM. Lags of up to 12 months were examined. In 
Figure 11, the INDI and ANIN3 functions are shown for the 
Pacific. 
We found maximum correlation for "0 month lag" between 
the monthly anomaly of surface pigment concentration for 
areas in the Caribbean Sea and the Gulf of Mexico and ENSO 
events and with the monthly anomaly of SST in ANIN3 in the 
Pacific Ocean. ENSO anomalies may precede the pigment 
anomalies in the IAS by at least 3 months (Figure 11). 
The pigment concentration anomaly in 1980-1981 seems to 
be primarily related to an extended stormy winter season. 
However, in 1980-1981 we also observed an intensified cyclone 
season that included Hurricane Allen (one of the most intense 
in the century), and this may have initiated the positive pig- 
ment anomaly. The pigment anomaly of 1982-1983 is related 
to an ENSO of great intensity. Over this period, cold fronts 
reached the region with almost twice the frequency of previous 
years, and more low-pressure systems formed in the Gulf of 
Mexico and traveled farther to the south than normal, causing 
high winds in our study areas. 
Figure 9 shows the relationship between the time variation 
of pigment concentration at station 10 in the Gulf of Mexico 
and the occurrence of intense meteorological phenomena 
(tropical hurricanes and cold frontal systems). We also com- 
pared the pigment series to wind speed at National Data Buoy 
Center buoy station 42003 in the Gulf of Mexico (Figure 12). 
The relationship between the wind and pigment concentration 
is clear. Hurricanes and cold frontal systems in the region 
stimulate brief but intense winds, waves, and rain and there- 
fore increase the vertical mixing of the photic layer and fertilize 
it. The 1982-1983 ENSO event significantly decreased the pri- 
mary productivity in the oriental Pacific. According to Chdvez 
and Barber [1985] the losses in biomass in the 300 days that the 
event lasted were of around a gigaton. The consequences for 
the northwestern Caribbean and the Gulf of Mexico were, in 
contrast, an increase in the pigment concentration (phyto- 
plankton biomass) of the upper layers. 
4. Conclusions 
CZCS images confirm the seasonality in phytoplankton con- 
centration in the northwestern Caribbean Sea and the Gulf of 
Mexico, with maxima during winter and minima during sum- 
mer. The higher concentration of pigments in winter is related 
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to the occurrence of meteorological frontal systems that in- 
crease vertical turbulence and to thermal convective overturn. 
Four areas were identified by similarity intemporal variabil- 
ity. Area I includes waters outhwest ofCuba, Yucatan Chan- 
nel, and Florida Strait; area II includes the central region of 
the Gulf of Mexico; area III covers waters off eastern Cuba, 
Windward Passage, and the Sargasso Sea; area IV includes the 
central Caribbean to the south of Jamaica nd Hispaniola 
(Figure 1). 
The spatial and temporal variability of pigment concentra- 
tion in the Gulf of Mexico is larger than in the western Carib- 
bean, increasing from east to west and from south to north. 
This pattern is due to the difference in thermal stratification 
across the region, which limits vertical mixing of nutrients, the 
intrusion of nutrient-poor waters from the western Caribbean 
into the Gulf of Mexico, the more intense and frequent occur- 
rence of cold fronts and extratropical low-pressure systems in 
the Gulf of Mexico, which increase vertical mixing, and the 
nutrient contribution from the Mississippi River (a minor 
cause). 
Two remarkable maxima in the concentration of pigments in 
the western Caribbean Sea and the Gulf of Mexico occurred in 
1980-1981 and in 1982-1983. A relationship exists between the 
time variation of these maxima and the occurrence of intense 
meteorological phenomena (hurricanes, frontal systems, and 
extratropical low-pressure systems). These phenomena in the 
region stimulate an increase inthe wind speed, waves, and rain 
and thereby increase the vertical mixing of the photic layer and 
fertilize it. The first maximum, 1980-1981, was affected by an 
intense hurricane season (including Hurricane Allen, one of 
the most intense in the century) and a very active winter sea- 
son. The second maximum isrelated to an ENSO of great 
intensity. In this period, cold fronts reached the region with 
almost twice the frequency of the previous year, and more 
low-pressure systems formed in the Gulf of Mexico. These 
patterns are indicative of a connection between the ENSO and 
the concentration of surface pigments in the western Carib- 
bean Sea and the Gulf of Mexico. 
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